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Abstract 
Numerous changes occur with human erythrocyte aging in vivo, including an increase in free ionic intracellular calcium concentration 
([Ca2’li) (N.R. Aiken et al. (1992) Biochim. Biophys. Acta 1136, 155-160). An attractive hypothesis of cell aging suggests that 
oxidative stress is responsible for many age-related changes. To determine whether oxidative stress leads to increased intracellular Ca” 
concentrations, we used the fluorinated calcium probe 5,5’-difluoroBAFTA and fluorine nuclear magnetic resonance spectroscopy 
(“F-NMR) to measure [Ca*+], following mild hydrogen peroxide (H,O,) stress to young red cells. Cells were separated using density 
centrifugation, exposed to 815 PM H,O,, loaded with the calcium probe, and [Ca2+li measured. Intracellular [Ca*+] increased from 62 
nM ( + 4, S.E.) in untreated young cells to 173 nM ( f 11) in peroxide treated cohort young cells. This value approached our previously 
reported [Ca2+li of 221 nM ( f 25) in old human erythrocytes. Pretreatment of young cells with (a) cobalt, which blocks Ca2+ influx 
through calcium channels, or (b) carbon monoxide, which prevents methemoglobin formation, inhibited the peroxide-induced increase in 
ionic intracellular calcium. These findings are consistent with the hypothesis that oxidative stress of erythrocytes contributes to the 
increased [Ca2+li found in senescent cells, and that this is due to increased membrane Ca *+ leak resulting from oxidatively induced 
methemoglobin-cytoskeletal protein crosslinking. 
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1. Introduction 
Erythrocyte aging in vitro is a serious problem in 
transfusion medicine and blood banking. Changes of cell 
function that occur with in vitro storage of human red cells 
are very similar to those demonstrated in normal, in vivo 
aged cells, and include decreased deformability, increased 
density, increased antigen binding [1,2] as well as in- 
creased intracellular Ca2+ concentration [3] and total cell 
calcium [4,5]. However, these functional changes occur 
much more rapidly in stored red cells than with in vivo 
aging [4]. The presence of hepatitis viruses and HIV 
antigens in many potential blood donors makes it impera- 
tive to increase the shelf life of red cells from healthy, 
uninfected donors. Understanding the red cell aging pro- 
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cess is therefore important (a) in order to successfully 
increase the shelf life of functioning, viable erythrocytes, 
vital for transfusion medicine; (b) to better understand and 
intervene in pathological blood conditions; and (c) in 
further elucidation of the general aging process. 
Increased [Ca2+li may well explain most of the phe- 
nomena that havl: been attributed to cell aging, as all of the 
above mentioned aging changes can be mimicked in vitro 
by intracellular calcium loading using ionophores such as 
A23187 [6]. The recent development of fluorinated cal- 
cium chelator probes suitable for “F-NMR [7-91 has 
enabled us to measure free ionic intracellular calcium 
concentrations using nuclear magnetic resonance rather 
than fluorescence spectroscopy. The NMR technique is 
especially valuable for the study of erythrocytes because it 
is not affected by the large background fluorescence of 
hemoglobin. We recently used this technique to demon- 
strate that intracellular [Ca2+li increases in human red 
cells as a function of cell age [3]. Using the density 
centrifugation method of Murphy [lo] to separate cells by 
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age, we measured [Ca2+li in young (the least dense frac- 
tion) and old (the most dense fraction) cohort red cells, and 
found a 4-fold increase in old cells: 62 nM (f4) and 221 
nM ( f 25) in young and old fractions, respectively [3]. 
In order to better understand the erythrocyte aging 
process, it is important to identify possible causes of this 
increased [Ca2+li. Mild peroxidative stress of red cells, 
which produces intracellular protein crosslinking, has been 
shown to induce aging changes in young red cells similar 
to those seen in old cohort cells [ll]. We therefore hypoth- 
esized that peroxidative stress of red cells results in in- 
creased intracellular Ca2+ concentration due to increased 
membrane leak of the ion. In order to test this hypothesis, 
we have used 19F-NMR in these studies to observe the 
effects of mild peroxidative stress on intracellular Ca*+ 
concentrations in young human erythrocytes, and to postu- 
late mechanisms by which peroxidation may affect cellular 
Ca*+ concentrations as a result of aging. 
2. Materials and methods 
2.1. Cell collection and preparation 
Erythrocytes were obtained by venipuncture from 
healthy adult volunteers immediately prior to experiments. 
Cells were washed and separated into fractions using the 
Murphy density centrifugation method [lo], modified as 
previously described 131. In brief, after discarding the least 
dense 5% of the resulting packed cell column to remove 
any remaining contaminating reticulocytes, the next light- 
est 10% of the cell column was collected as the ‘young’ 
fraction. This fraction contained less than 0.01% reticu- 
locytes. The bottom, most dense 10% of the cell column 
was collected as the ‘old’ fraction. These fractions were 
labeled young and old because increased cell density has 
been shown to be a good correlate of increased cell age 
[12]. All chemicals used were reagent grade or better, and 
were obtained from Sigma (St. Louis, MO), Aldrich 
(Milwaukee, WI) or Fisher (Denver, CO). 5,5’-difluoro- 
BAPTA (BAPTA4-) and the acetoxymethylated form 
(BAPTA-AM) were obtained from Molecular Probes 
(Eugene, OR). 
2.2. Cell treatments 
Peroxide treatment 
An 8.15 mM H,O, stock solution was freshly prepared 
daily in phosphate-buffered saline (pH 7.4; 290 mOsm) 
from 30% H,O,. Actual concentration of the original 
solution was confirmed by titration with 0.1 N potassium 
permanganate. An 18% Hct red cell suspension was incu- 
bated with 815 PM H,O, prepared in incubation buffer 
(in mM: 132 NaCl, 5.4 KCl, 0.8 MgSO, * 7H,O, 1.25 
CaCl,, 5.0 Hepes, 5.0 sodium pyruvate, 5.0 glucose; pH 
7.4, 290 mOsm) for 15 min at 37°C. After removal of the 
supernatant, cells were allowed to recover in fresh incuba- 
tion buffer without H,O, for 60 min, 37°C 5% hematocrit 
(Hct) prior to any other treatment and/or intracellular 
calcium content determination. Exposure of cells to the 
final concentration of 815 PM H,O, resulted in some gas 
bubble formation, due to catalase reactions. Hemolysis was 
not detected in any of the cell samples using this concen- 
tration of H,O,. 
Carbon monoxide treatment 
Carbon monoxide (CO) was bubbled slowly (approx. 
1.4 ml/min) through 10 ml of a 5% Hct cell suspension in 
incubation buffer for 10 min. Cells were then either ex- 
posed to H,O,, as described above, or were used as 
controls. 
Cobalt treatment 
Cells were exposed to a final concentration of 1 mM 
CoCl, for 15 min (37”C), either before or after H,O, 
treatment. During these experiments, CoCl, was also pre- 
sent in buffers (which contained 1.25 mM calcium) in a 
final concentration of 100 PM at all further steps, except 
during BAPTA-AM loading. 
NDGA treatment 
The antioxidant nordihydroguaiaretic acid (NDGA) was 
used in a final concentration of 20 PM [13]. Peroxide 
treatment, or incubation of controls, followed immediately. 
2.3. Calcium measurement 
Intracellular Ca*+ was measured as described previ- 
ously [3]. All steps described in brief below were per- 
formed at approximately 5% Hct and 37°C. Cells were 
equilibrated for 60 min in incubation buffer (in mM: 132 
NaCl, 5.4 KCl, 0.8 MgSO, . 7H,O, 1.25 CaCl,, 5.0 Hepes, 
5.0 sodium pyruvate, 5.0 glucose; pH 7.4, 290 mOsm), 
then exposed to 50 PM BAPTA-AM in the same buffer 
for 60 min. Cells were washed, resuspended in BAPTA- 
AM-free incubation buffer, and allowed to recover for 
another 60 min. After washing twice in Ca*+-free buffer to 
remove any extracellular BAPTA4- arising from cell lysis, 
cells (20% Hct) were placed in a 12 mm NMR sample 
tube in the original incubation buffer containing 1.25 mM 
Ca*+. Previous experiments have shown that there is no 
leakage of the indicator during the time course of the 
NMR measurement [3]. l9 F-NMR one pulse experiments 
were performed using a commercial l4 N/ ‘H broadband 
probe and a GE-360 MHz instrument with the decoupler 
tuned to the 339.67 MHz frequency of 19F. The sweep 
width used was + 10000 Hz, the tip angle 40”, with an 
acquisition time of 204.8 ms. Delay time between cycles 
was 1.15 s, each spectrum the average of 4000 acquisi- 
tions, resulting in a total experimental time of 90.32 min. 
All experiments were performed at 37°C under nonspin- 
ning conditions. The sample volume extended slightly 
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above and below the sensitive region of the coil such that 
major changes in cell number did not occur within this 
area over the experimental time-course. Cells were not 
oxygenated during the experiment (a) due to the lack of 
oxidative respiration in the red cells (glycolysis being the 
primary source of energy), and (b) the oxygen present was 
adequate to maintain hemoglobin in the ligated R-state 
during this time. 
Intracellular Ca2+ concentration was calculated using 
the equation: 
[Ca’+]i =Kd( [Ca - BAPTA]/[BAPTA]) 
where K, = 708 nM [14]. The free ([BAPTA]) and bound 
([Ca-BAPTA]) BAPTA concentrations were measured us- 
ing the respective peak areas of the NMR spectra after 
application of a standard baseline correction algorithm 
(spline fitting function) supplied by GE/Nicolet software. 
2.4. Data analysis 
Standard methods of statistical analyses were used. 
Multifactorial analysis of variance (ANOVA) was used to 
determine differences among and between experimental 
groups. After initial ANOVAs were performed, multiple 
comparison testing was used to evaluate differences be- 
tween untreated cell populations and those that had been 
exposed to one or more treatments. In most cases, the 
Dunnett’s test was used [15]. The t-test was performed 
when there were only two groups to consider. Differences 
were deemed significant if P < 0.05 [15]. 
3. Results 
Mild hydrogen peroxide treatment of young cell frac- 
tions of erythrocytes resulted in a 3-fold increase of [Ca2+li 
as measured by 9F-NMR, similar to the increase observed 
in old cell fractions [3]. Representative spectra of untreated 
and peroxide treated young cell fractions are shown in Fig. 
1. Untreated cells contained 62 nM Ca2+ (k 4, S.E.; 
IZ = 161, while cohort samples treated with 815 /_LM H,O, 
contained 173 nM ( + 11; n = 171, a significant increase 
(P < 0.001). This increase was an approximate 3-fold 
increase in intracellular steady-state [Ca2+Ii due to treat- 
ment, while steady-state [Ca2+li in old cell fractions was 
approx. 4-fold higher than that in the young cell fractions: 
221 nM (+_ 25; n = 17). 
Pretreatment of young cell fractions with the antioxi- 
dant NDGA prevented a peroxide induced rise in [Ca2+ Ii, 
but did nothing of itself to change [Ca2+li. Untreated 
young cells in this series of cohort experiments contained 
53 nM [Ca2+li while NDGA treatment alone resulted in 59 
nM. Treatment with NDGA followed by peroxidative 
treatment resulted in a concentration of 40 nM [Ca2+Ii, 
while peroxidation alone produced 174 nM [Ca2+Ii (n = 3) 
(Table 1). 
A. 
Fig. 1. Representative 19F-NMR (339.67 MHz) spectra of young red cell 
fractions in the absence (a) and presence (b) of 815 PM H,O,. Intra- 
cellular Ca’+ was measured at 37°C under nonspinning conditions 
following loading with 5,5’-difluoroBAFTA. The peak at 2 ppm is due to 
unbound BAF’T&+, while the peak at 7.5 ppm is from the calcium-bound 
BAI’TA. 
The peroxide induced increase in intracellular Ca2+ 
could be due to relatively short-term effects on the cell. In 
order to determine the effect of peroxidation with time, 
H,O, treated young cells were stored for 24 h at 4°C in 
incubation buffer after initial [Ca2+li measurements were 
made, along with untreated controls (n = 2). Prior to repe- 
tition of the NMR calcium measurement, the stored cells 
were washed in fresh buffer, preequilibrated at 37°C for 1 
h and washed twice in calcium-free buffer. No additional 
indicator loading was done. Untreated young cells initially 
contained 64 nM [Ca2+li, while peroxide treated young 
cells contained 143 nM. After 24 h of cold storage un- 
Table 1 
Intracellular Ca2+ concentration (nM, *SE.) changes in young human 
red cell fractions as the result of treatment in the presence and absence of 
815 /LM H,O, 
Young YoungfTx Young+Tx+H20, Young+H,O, 
NDGA 53 40 59 174(*13) 
Cobalt 59(+6) 44(+7) 57(rt6) 154 (*8) 
co 63(+5) 98 94(&16) 192 (+ 34) 
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Fig. 2. Long term effects of H,O, treatment. [Ca’+ Ii was measured and 
the samples stored 24 h at 4°C. Samples were washed with fresh buffer, 
allowed to equilibrate for 60 min. at 37°C washed twice in Ca*+-free 
buffer, and the experiment repeated. Y and Y + H,O, = original sample 
measurements, young cell fraction and young fraction pretreated with 815 
PM H,O,: 64 and 143 nM [Ca*+ Ii, respectively. Y-24 hr and Y+ 
H,O,-24 hr = same samples, measurements repeated after 24 h storage: 
73 and 241 nM [Ca’+ Ii, respectively. Y + H,O, no Ca = young sample 
pretreated with H,O,, measured in the absence of external Ca*+. Each 
value is the mean of two experiments. 
treated cells contained 73 nM [Ca2+li, only slightly ele- 
vated above the original measurements, while [Ca’+]i of 
peroxide treated cells was 241 nM. No rise in [Ca2+li 
occurred when peroxide treated young cells were incu- 
bated in Ca2+-free buffer. These experiments suggest that 
peroxidation of red cells resulted in a sustained rise of 
[Ca*+&, and that the peroxidative event involved in this 
phenomenon resulted in a long-term effect (Fig. 2). 
The increase in intracellular Ca*+ concentration due to 
mild peroxidative treatment could be due primarily to 
either an increase of ion leakage into the cell, or a decrease 
in Ca*+-Mg*+-ATPase pump activity. Our working hy- 
pothesis is that the increased [Ca2+li resulting from expo- 
sure to peroxide is due to increased leakage of extracellu- 
lar Ca*+ into the cells. We initially determined which of 
the known calcium channel blockers, cobaltous chloride, 
lanthanum chloride (LaCl,) or strontium chloride (SrCl,), 
would have the least interference with the NMR [Ca’+], 
measurements. CoCl,, LaCl,, and S&l, were each added 
to BAPTA4- in D,O. The BAPTA4- signal in the pres- 
ence of CoCl, is virtually identical to that of BAPTA4- 
alone, while SrCl, caused a substantial broadening of the 
BAPTA4- signal, and LaCl, caused an 8 ppm shift down- 
field. Therefore CoCl, was used as a channel blocker 
[16-181. Young cells treated with cobalt contained 44 nM 
Ca2+ (+ 7, S.E.; n = 7), not significantly different from 
59 nM ( + 6; II = 8) measured in untreated cells from these 
cohort experimental groups. Peroxide-treated cohort young 
cells contained 154 nM (+ 8; 12 = 9). The average Ca2+ 
measured in cobalt-peroxide treated cells was 57 nM ( + 6; 
n = 8), not significantly different from untreated cohort 
young cells. Multiple comparison testing showed that the 
differences among the treatment groups was significant 
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Fig. 3. The effect of CoCl, on [Ca” Ii, in the presence and absence of 
H20, treatment. Young cells untreated, exposed to CoCl,, and treated 
with both C&l, and H,O, contained 59 (+ 61, 44 (+ 7), and 57 ( + 6) 
nM [Ca*+ Ii, respectively. These groups were not significantly different 
from each other. Cohort cells treated with H,O, alone contained 1.54 nM 
c&8). * Significantly different from the other groups (P < 0.001) by 
multiple comparison testing. 
only for the peroxide treated cell fractions (P < 0.001) 
(Fig. 3; Table 1). 
A series of experiments was conducted to elucidate the 
type of membrane perturbation leading to peroxide in- 
duced Ca2+ increase. Mild peroxidation is known to result 
in the formation of methemoglobin [11,19-211. Experi- 
ments were therefore designed to determine if methemo- 
globin formation is a prerequisite for the peroxide-induced 
Ca*+ increase. Young cells were treated with carbon 
monoxide, resulting in the formation of carbon monoxy 
hemoglobin [22]. This treatment inhibits the formation of 
methemoglobin by stabilizing hemoglobin in its ligated 
R-state form [23]. Carbon monoxide inhibition of the 
peroxide effect was > 70% (Fig. 4; Table 1). In three of 
five experiments, CO completely inhibited the peroxide 
effect, while in the other two experiments, the effect was 
250 1 T * 
?,I” t.. _  I... 
T 
; 
:i. 
u 
Y y+co Y+CO+H202 Y+H202 
Fig. 4. Methemoglobin requirement for H,O,-induced rise in [Ca2+ Ii. 
Pretreatment of young cells with carbon monoxide (CO) inhibited perox- 
ide induced elevation of [Ca’+ Ii by > 70%. * Multiple comparison 
analysis confirmed a significant difference in [Ca*+ Ii between the group 
receiving H,O, alone and the other groups (P < 0.01). 
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reduced compared to peroxide-treated cohorts in the ab- 
sence of CO, but was not inhibited completely. Multiple 
comparison analysis revealed that there was a significant 
difference between cells treated with peroxide in the ab- 
sence of CO and the other three groups (P < 0.011, but 
there was no difference among the other groups. Methemo- 
globin formation therefore appears to play a role in the 
increase of Ca’+, since prevention of methemoglobin for- 
mation by CO binding at least partially inhibits the perox- 
ide effect. 
4. Discussion 
Cellular aging changes, including those in erythrocytes, 
have long been postulated to be the result of free radical 
damage [1,24,25]. We therefore considered the effects of 
oxidation when addressing the mechanisms responsible for 
our earlier finding of increased [Ca*+J with cell senes- 
cence [3], using hydrogen peroxide treated young erythro- 
cytes as a model of aging. Hydrogen peroxide, present in 
biological systems due to the spontaneous dismutation 
reaction of 0; in an aqueous environment, has been 
shown to induce numerous changes in erythrocyte function 
[11,19,20,24]. 
In the current study we have demonstrated that H,O, 
treatment of young cells caused a nearly 3-fold increase in 
intracellular Ca’ + concentration compared with untreated 
cohorts: 173 (* 11) nM and 61 (f4) nM, respectively. 
The continued increase in intracellular Ca*+ concentration 
in treated cells during 24 h storage (Fig. 2) indicates that 
peroxide treatment does indeed lead to sustained increased 
[Ca2+li, either by (a) an increased leakage down its very 
large electrochemical gradient, or (b) inhibition of the 
Ca-ATPase by the cold storage. The latter cause is unlikely 
because the cells were allowed to equilibrate at 37°C for 
60 min prior to repeating the NMR experiment, and also 
untreated control cells, carried in parallel with peroxide 
treated cohorts, maintained intracellular free ionic calcium 
levels that were the same as when measured the day 
before. We did not directly measure Ca-ATPase activity 
differences in this study, although previous workers have 
not found a difference in Ca-ATPase activity with age 
[26,27]. 
The absence of increased intracellular Ca*+ concentra- 
tion in peroxide treated young cells when the experiment 
was conducted in calcium-free buffer (Fig. 2) demonstrates 
that the source of the NMR detectable intracellular Ca*+ 
increase resulting from H,O, treatment is extracellular. 
Although red cells do not contain mitochondria or endo- 
plasmic reticulum, major storage organelles for intra- 
cellular Ca*+ in other cell types, there is the possibility 
that the membrane itself, integral membrane proteins, or 
other intracellular proteins might serve as stores of mobi- 
lizable Ca*+. The requirement of extracellular Ca*+ for 
the peroxide induced increase in intracellular Ca*+ sug- 
gests that a large, freely accessible intracellular Ca*+ pool 
does not exist in erythrocytes. Therefore, the hypothesis 
that a peroxide induced Ca*+ leak pathway is responsible 
for increased intracellular Ca*+ cannot be rejected. 
Exposure of young erythrocytes to a calcium channel 
blocker, either before or after treatment with hydrogen 
peroxide, prevented the peroxide induced rise in intra- 
cellular Ca*+ (Fig. 3). These data suggest that oxidative 
processes affect the membrane calcium channels, as cobalt 
has been shown to block these channels on the external 
face [16]. We have thus provided further support for the 
hypothesis that the hydrogen peroxide induced rise in 
[Ca*+ Ii is due to leakage of the ion into the cell from its 
external environment. The order of cobalt/H,O, treat- 
ment did not affect [Ca2+li, indicating that the Ca*+- 
ATPase was functioning appropriately. Under the condi- 
tions and time course of our experiments, the Ca*+-ATPase 
in young red cells was therefore not inhibited by peroxida- 
tion. However, it is reasonable that cumulative damage 
over the lifetime of the red cell may interfere with pump 
function. Further work is warranted concerning this prob- 
lem. 
Mechanisms by which this Ca*’ leak occurs may be the 
result of lipid peroxidation induced changes, H,O, in- 
duced changes in cell proteins, or a combination of the 
two. The last set of experiments in this study was designed 
to determine if protein changes resulting from peroxidation 
were implicated in the intracellular Ca*+ increase resulting 
from H,O, treatment. If protein alteration is involved with 
increasing [Ca2+li, then methemoglobin is an excellent 
candidate for the peroxide induced protein alterations lead- 
ing to intracellular Ca*+ increase [20]. We found that 
carbon monoxide pretreatment of erythrocytes did indeed 
prevent the hydrogen peroxide induced Ca*+ rise (Fig. 4). 
Pretreatment with CO stabilizes hemoglobin in the ligated 
R-state (Fe*+ >, preventing methemoglobin (Fe3+ ) forma- 
tion. We have therefore provided strong evidence that 
methemoglobin formation is necessary for the changes in 
intracellular Ca*+ concentrations seen as a result of per- 
oxidation. This indicates that conformational changes in 
erythrocyte proteins may therefore be associated with the 
presence of increased cell Ca*+ concentration induced by 
peroxide stress, since the erythrocyte cytoskeleton is inti- 
mately related to the cell membrane, and thus to trans- 
membrane ion channels. Because of the complex interac- 
tion of these network proteins with integral membrane 
proteins involved in ion channel formation, it is reasonable 
to expect an effect on ion channels due to methemo- 
globin-spectrin crosslinking. 
5. Conclusions 
We have demonstrated in this study that oxidation of 
young human erythrocytes by mild treatment with H,O, 
leads to an increase in intracellular free, ionic calcium 
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concentration which approaches the concentration previ- 
ously measured in old human erythrocytes [3]. Using this 
human young red cell model of cell aging, we have shown 
that the H,O, induced rise in [Ca2+li is due to an increase 
in leakage of the ion into the cell down its electrochemical 
concentration gradient, since it depended on an external 
source, and could be prevented or reversed using cobalt, an 
external Ca2 + channel blocker. The presence of H,O, 
induced methemoglobin formation was a prerequisite for 
this process to occur. This model of red cell aging provides 
a framework for further study of other cellular aging 
changes in human erythrocytes. 
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